The spatial-temporal evolution of muscle tissue sample plasma induced by a high-power transversely excited atmospheric (TEA) CO 2 pulsed laser at vacuum conditions (0.1-0.01 Pa) has been investigated using high-resolution optical emission spectroscopy (OES) and imaging methods.
Introduction
Laser-produced plasmas (LPPs) are formed by focusing a high-power laser onto a sample. The induced plasma expands quickly and their characteristic parameters change with distance and time. Because of the transient characteristics of the plasma-plume, optical emission spectroscopy (OES) technique with time and space resolution is especially suitable to obtain information about the behavior of the produced species as well as to study the dynamics of the plasma expansion.
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Although OES gives only partial information about the plasma particles, this diagnostic technique helped us to draw a picture of the plasma in terms of the emitting chemical species, to evaluate their possible mechanisms of excitation and formation and to study the role of gas-phase reactions in the plasma expansion process. Measurements of the plasma density and temperatures are important to obtain information about plasma expansion dynamics. The plasma characteristics vary considerably with distance from the target surface both in the plume expansion direction (axial) and orthogonal to plume expansion directions (radial), as well as with time following the beginning of plasmaplume formation.
Currently there are numerous applications for LPPs in a wide variety of fields, including laser-induced breakdown spectroscopy (LIBS) [1] [2] [3] [4] , pulsed-laser deposition (PLD) [5, 6] , distinguishing of explosives [7] [8] [9] [10] [11] [12] [13] , environmental science [14] [15] [16] , production of classical and novel materials [17] [18] , cultural heritage monitoring [19] or space exploration [20] [21] [22] . Beyond traditional applications of LIBS, where inorganic materials are mainly studied for analytical purposes, recent progresses in LIBS lead to analysis of organic and biological samples for detection of chemical and biological warfare agent materials [23] [24] [25] [26] [27] [28] , animal tissues studies [29] [30] [31] [32] [33] [34] [35] [36] [37] , identification of bacteria [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] , etc. Several reviews have been published that discuss various aspects of LIBS biomedical application [1-4, 49,50] . Recent developments of LIBS for biological material analysis potentially provide fast sensor systems for pathogen biological agent detection and analysis.
Because of highly transient nature of the LPP, the plasma-plume properties should be optimized for each application and the plasma diagnostics play a key role in this regard. In particular, the estimation of the post-mortem interval (PMI) by LIBS using swine muscle has A C C E P T E D M A N U S C R I P T
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3 created interest due to its cost-effective analysis [50] . It can be expected that the determination of PMI can be improved by using high resolution OES.
This article reports the first spatial and temporal study the dynamics of the ablated swine tissue plasma-plume produced in vacuum. The plasma was generated by focusing a transversely excited atmospheric (TEA) CO 2 pulsed laser on the target placed in a vacuum chamber. We have studied the dynamics of laser ablated plasma expanding into vacuum using simultaneous imaging and spectroscopic techniques. Time-resolved spectra, that were also spatially resolved in one dimension along the axis of plasma expansion, were obtained using a time gated intensified chargecoupled device (ICCD). We discuss the dynamics of the plume expansion and formation of different atomic and ionic species for different positions and delay times with respect to the beginning of the laser pulse. Analysis of the image spectra provides useful plasma parameters such as velocities of different plasma species, electron density and temperature.
Experimental procedures
The schematic of the experimental setup is given in Fig. 1 . Pulses from a TEA CO 2 laser (Lumonics K-103) emitting at 10.591 μm are used for producing plasmas on a skeletal muscle sample of a swine [51] . To ensure sample homogeneity, swine tissues were lyophilized and compressed into a pellet. The excitation wavelength was checked with a spectrum analyzer (Optical Eng. Co. [51, 52] . The primary laser beam (divergence of 3 mrad) was angularly defined and attenuated by an iris of 17.5 mm diameter before entering into the vacuum chamber. A beam splitter was employed to redirect about 10% of the laser pulse energy on a pyroelectric detector (Luminics 20D) or on a photon drag detector (Rofin Sinar 7415) for energy and temporal shape monitoring and triggering, respectively, through a digital oscilloscope (Tektronic TDS 540). The temporal profile of the laser pulse is 65 ns full width at half maximum (FWHM) followed by a tail lower than
2 μs controlled by changing the gas mixture flowing through the cavity (typically 8:8:84 mixture of CO 2 :N 2 :He). The laser-pulse energy was varied by using several CaF 2 attenuating plates. 
Results and discussions
The interaction of a focused high-power laser with a swine tissue sample leads to the formation of a plasma. This plasma quickly expands freely into a vacuum in a direction perpendicular to the target surface. In order to get more insight into laser produced swine tissue sample plasma and to obtain an unambiguous assignment of the emission, we have scanned the spectra at high-resolution. For the
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6 spectral identification, the observed LPP spectrum of the swine tissue sample was compared with the spectra obtained in our laboratory in other experiments. As an example, Fig 
The temporal evolution of spectral atomic and ionic line intensities at a constant distance from the target has been used to build the optical time-of-flight (TOF) profiles shown in Fig. 5 .
The temporal profile of the laser pulse at 10.591 μm is also shown. show the relative fast recombination of these ionic species.
The LPP spectra of the tissue sample were recorded as a function of the emitted wavelength, delay time and distance from the target. This type of study has been previously reported by different authors [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] . In order to study the plasma plume expansion dynamics for different species, we plotted 2D image spectra versus time delay. The 2D spectral imaging technique provides spatially-and spectrally-resolved information about the plasma. However, the intensity profiles are only suitable for average expansion velocity estimation, but they are not enough for an appropriate description of the plasma and of the distribution of species. Relative number densities are necessary for this, so to account for possible differences in the spectroscopic data of the various considered transitions, and, even more important, for different plasma temperatures in the different plasma zones and at different delay times. In 2D image spectra, the ICCD detector operates in imaging mode and produces an intensity-wavelength plot for each pixel of the detector
at different points in space along the axial direction (plume expansion or propagation direction). In our experimental setup, the 2D spectral imaging technique provides spatial resolution near double the size of the ICCD detector pixel size due to 1:0.5 plasma imaging magnification onto the spectrometer slit. (Fig. 7a) , the ionized emission intensities in the plasma are greatest in the region close to the target surface and decreases within a few millimeters away from the target. In the region close to the target surface, the density in the plasma core is fairly high.
The spectral line from C atoms with long-range spatial distribution shows a maximum at 4 mm. At 500 ns (Fig. 7b) , this distribution moves away from the target showing the maximum at 7 mm. A similar behaviour is observed for ionic species with different maxima. Neutral carbon atom shows its maximum later and farther from the target with respect to ions. That indicates that carbon atoms are mainly formed by gas phase recombination of ionized species during the propagation of
9 the plasma plume. Propagation velocities of ions in a plasma are governed by space-charge effects where highly charged ions possess higher velocities [65] .
The peak positions of these plots at different distances from the target surface give information on the propagation of the excited species. As an example, Fig. 8 displays the number density profiles of C 3+ line at 252.13 nm as a function of distance from the target surface at two delays from the laser pulse. By tracking the maximum brightness or intensity displacement, for different plasma species, gives their average velocities. The expansion velocities of C, C + and C
3+
were found to be 6.1, 9.3 and 12 km/s, respectively. The expansion velocities of the ionized species towards the longitudinal direction are found to be increasing with ionization stage.
Fig. 8. Close to here
In order to estimate some plasma parameters such as electron density and temperature, as well as the dynamics of some species, we study LPP spectra in different spectral regions. Fig. 9 shows the temporal evolution of the LPP sample plasma in the spectral region 272-286 nm monitored at several delays and z= 2 mm.
Fig. 9. Close to here
These spectra are dominated by the C + doublet structure around 283.7 nm (2s 2 3p 2 P 3/2 , 1/2 → 2s2p 2 2 S 1/2 ) and the two Mg + resonance lines at 279.55 and 280.27 nm (3p 2 P 3/2 , 1/2 → 3s 2 S 1/2 ). For short delays (t d ≤0.1 μs), the continuum emission significantly contributes to the total emission. As the delay increases, this emission, essentially due to the radiative recombination between electrons and ions and bremsstrahlung emission, drops significantly as a result of the decay of the plasma.
Spectrum narrowing was observed with increasing delay as the consequence of the decrease of the temperature and electron density.
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The TOF optical distribution of Mg + (244.956 nm) species has been displayed in Fig. 5 . It consists of one intense maximum at 0 μs. However, in Fig. 9 (Fig. 9 ). This double peak structure observed in vacuum revealed a fast and a slow component in the velocity of Mg + resonance species. The fast component with a narrow velocity profile can be attributed to the production of these species from the target by electron impact ionization (e + hυ + Mg → e* + Mg → Mg + + 2e). The slowest component actually emerges due to three-body electron-ion recombination (2e + Mg 2+ → Mg + + e). A multiple peak structure has been found by Harilal et al [70] in graphite plumes propagating in a helium ambient atmosphere. They attributed to a stratification of plasma into fast and slow ion components occurring at the interface where fast component penetrates the ambient gas and slow one decelerate. atoms or singly charged ions, after neglecting the ion-contribution to the broadening, is related to the electron density by the expression [67, 71] A C C E P T E D M A N U S C R I P T
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where W is the Stark electron impact broadening parameter which can be incorporated to different temperatures [71] , n e is the electron density in cm -3 and n r is the reference electron density (n r =10 [71] at temperatures between 5,000 and 40,000 K), we obtain the electron density. The impact parameter is a function of the electron temperature, but the dependence is negligibly weak [66, 71] . Fig. 10 gives the time evolution of electron density for different delays. The insert pictures show two measured C + line (283.7 nm) spectra at 0 and 1.1 μs and the corresponding fits to a Voigt function. The errors provided for electron densities considered the uncertainty in the impact parameters and line broadenings. We see that the C + doublet centered at 283.7 nm can partially be resolved at high delays. The measurements were made from spectral region shown in Fig. 9 . With increasing delay time, the electron density varied from 1.17×10 18 cm -3 at 0 μs to 5.4×10 17 cm -3 at 1.5 μs. The electron density shows rapidly decreasing behavior for short delays (t d ≤0.1 μs) and then remains more or less steady during the first microsecond. For t d >1 μs, n e rapidly decreases as the time is further increased. The decrease of electron density with time is mainly due to recombination between electrons and ions in the plasma. These electron density values are reasonable considering that this
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12 density depends on the delay time from the laser pulse, observation distance and the laser pulse duration and laser wavelength. can see that higher velocities correspond to the species with higher ionization degree and lower atomic mass. These velocities should be regarded as an effective stream velocity in the direction normal to the target surface. Fig. 12 shows the spatially resolved profiles of the electron density along the axial direction at several delays from the laser pulse. These time-and space-resolved profiles were measured from the Stark broadening of the C + line at 283.7 nm. In the observed spatial region the electron number density is approximately decreasing with delay time due electron-ions recombination. As it is shown in Fig. 12 , at the three observation delays, the electron density can be considered constant along the plume expansion axis except for some shallow minimum. This behavior could be interpreted in terms of electron-ions recombination processes occurring in regions with high species number density [62] .
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Fig. 12. Close to here
Under the assumption of local thermodynamic equilibrium, the intensities of a set of isolated C + lines were used to evaluate the electron temperature at different delay times, Fig. 13 . The electron temperature T e was obtained according to the well-known Boltzmann plot method [1] [2] [3] [4] from the time-resolved spectrum. The spectral line wavelengths, the energies of the upper levels, statistical weights, and transition probabilities used for these lines were obtained from NIST [54] and listed in Table 1 . An example of this plot is shown in the inset of Fig. 13 . Table 1 At shorter times, continuum emission dominates the emission spectra and the electron temperature measurement is sensitive to the line-continuum ratio. Therefore the electron temperature at shorter time has the higher error and results practically equal to the electron temperature at 100 ns. After this time, the temperature decreases approximately linearly.
Conclusions
The laser-induced plasma of swine muscle tissue sample generated by CO 2 laser pulses at Fig. 12 . Spatial evolution of electron density from 2D OES sample plasma (80 J×cm-2) measured at 0, 0.5, and 1 μs delays using a fixed gate width time of 0.2 μs. Fig. 13 . Time evolution of electron temperature after plasma formation. The inset shows a linear Boltzmann plot at 0.3μs delay and z=2 mm with a regression coefficient of 0.97. The gate was set at 100 ns. 
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HIGHLIGHTS
LIBS of swine muscle tissue sample generated by CO2 laser pulses has been done for the first time with spatial and temporal resolution. Average velocities of some plasma species have been calculated from spatial and temporally resolved 2D OES images. Electron density (~ 9×10 17 cm -3 ) has been studied with spatial and temporal resolution. Temporal evolution of the plasma temperature has been calculated by means of Boltzmann plots
